ABSTRACT The activity of three geographic isolates of the gypsy moth nucleopolyhedrovirus (LdMNPV) was evaluated in Þeld trials against larvae of the Chinese population of Lymantria dispar asiatica Vnukovskij in Inner Mongolia, PeopleÕs Republic of China, in 2004China, in , 2005China, in , and 2006. Although the Chinese isolate of the virus, LdMNPV-H, was the most pathogenic of the isolates tested, having the lowest mean lethal concentration causing 50% and 95% larval mortality, the increase in efÞcacy that would be obtained by incorporating this isolate into a commercial product does not justify the time or expense required to register it for use in the United States or Canada. The commercially available North American isolate, LdMNPV-D, was moderately pathogenic, whereas the Japanese isolate, LdMNPV-J, was the least pathogenic. The slopes of the doseÐresponse regression lines for the three virus isolates indicated that the Chinese gypsy moth larvae were more homogenously susceptible to LdMNPV-H and LdMNPV-D than to LdMNPV-J. TimeÐresponse data showed that LdMNPV-J was signiÞcantly more virulent, but at a much higher dose, than the other two isolates, causing 50% mortality in the shortest time, followed by LdMNPV-H and LdMNPV-D. Rainfall immediately after the application of LdMNPV-D in 2005 resulted in signiÞcantly reduced gypsy moth larval mortality.
The gypsy moth, Lymantria dispar (L.) (Lepidoptera: Lymantriidae), is a defoliator native to Europe and Asia. Since its introduction from Europe, the European gypsy moth (see next paragraph) has spread over a wide area of North America (Sharov et al. 2002 , Ré gniè re et al. 2009 ), causing signiÞcant defoliation of hardwood forests (Leonard 1981 , McManus and McIntyre 1981 , Elkinton and Liebhold 1990 . Gypsy moth is also a major pest in forested areas in its native range in China and Japan (Pogue and Schaefer 2007) . One host of L. dispar in China is "qing yang," Populus cathayana Rehder, a common and widely distributed species of Populus in central China (Fang et al. 2008 , Chao et al. 2009 ). P. cathayana grows along river valleys at elevations between 800 and 3,000 m, and mature trees can reach a height of 30 m (Weisgerber and Han 2001) .
A recent taxonomic reclassiÞcation (Pogue and Schaefer 2007) , supported by genetic barcoding studies (Ball and Armstrong 2006, deWaard et al. 2010) , split L. dispar (subgenus Porthetria) into three subspecies and proposed an additional three distinct new species. The term "gypsy moth," Lymantria dispar dispar (L.), now refers speciÞcally to the ßightless gypsy moth native to Europe ("European gypsy moth") and introduced into North America, as well as the nearly wingless gypsy moth occurring in India. The "Asian gypsy moth," Lymantria dispar asiatica Vnukovskij, are those L. dispar that have winged females capable of ßying and occur from the eastern slopes of the Ural Mountains in Russia to the PaciÞc Ocean, and the northern two-thirds of China and Korea. The "Japanese gypsy moth," Lymantria dispar japonica (Motschulsky), is found only on the Japanese islands of Honshu, Shikoku, Kyushu, and parts of southern and western Hokkaido. Here, we use the nomenclature proposed by Pogue and Schaefer (2007) in their recent publication on L. dispar.
To date, forest damage attributable to gypsy moth in North America has been caused solely by the European gypsy moth (Krcmar-nozic et al. 2000) . The occasional introductions of Asian gypsy moth to North America have so far been successfully eradicated, mainly by applications of the commercially available bacterial insecticide Bacillus thuringiensis subsp. kurstaki (Btk) (Hajek and Tobin 2009) . Asian gypsy moth poses an even greater threat to North American forests than does the European strain because it has a much broader host range than European gypsy moth, including both deciduous and coniferous trees (Baranchikov 1989 , Walsh 1993 . In addition, females of the Japanese gypsy moth, Asian gypsy moth, and many females that are hybrids of Asian gypsy moth and European gypsy moth, are able to ßy, increasing their dispersal capability (Reineke and Zebitz 1998, Keena et al. 2001) . Should Asian gypsy moth become established in North America, its wider range of host plants and the ability of female Asian gypsy moth to ßy may allow it to spread much more rapidly than the European gypsy moth and will probably lead to more devastating economic losses in forestry. Because the risk of successful introduction of Asian gypsy moth to North America remains, the development of effective controls against Asian gypsy moth is prudent.
Many strategies for eradication, control, and suppression of the European gypsy moth in North America have been developed and tried to slow its spread. One of these strategies is the application of a L. dispar nucleopolyhedrovirus (LdNPV) that occurs in gypsy moth populations and is an important regulator in high-density populations (Podgwaite 1981) . Two virus products, derived from the same NPV isolate, were developed and registered in the United States as Gypchek (in 1978) (Podgwaite et al. 1992 , Reardon et al. 1996 and in Canada as Disparvirus (Natural Resources Canada, Canadian Forest Service, Ontario, Canada) (in 1983) (Cunningham et al. 1991 , Cunningham 1995 , Health Canada 2009 . A third product, VI-RIN-ENSh, was developed in the U.S.S.R. in 1977 from a different viral isolate (Dougherty 1983 ) that has similar biological activity (Shapiro 1983) .
In preparation for the potential establishment of the Asian gypsy moth in North America, it is prudent to examine the control capabilities of existing viral insecticides registered for European gypsy moth control in North America against Asian gypsy moth and to increase the potential number of pest management tools, if necessary, than those currently available to forest managers. Our objective was to compare the Þeld efÞcacy (pathogenicity and virulence) of three geographic isolates of LdMNPV, previously bioassayed in the laboratory (Ebling et al. 2004 , Duan et al. 2011 , against the Chinese population of the Asian gypsy moth (Asian gypsy moth-C) in the Þeld in Inner Mongolia Autonomous Region, PeopleÕs Republic of China; and to identify the most effective isolate for potential consideration as a viral bioinsecticide for the control of the Asian gypsy moth, if this becomes necessary in North America.
Materials and Methods
Experimental Plot. The experiments were conducted on a 50-by 12-m plot located in the 30-ha research area of the Inner Mongolia Agricultural University, Huhhot, Inner Mongolian Autonomous Region, PeopleÕs Republic of China. The experimental plot was weeded, as needed, during the 3-yr study.
Weather Data. The nearest weather station was located 8 km away, and we used this weather station to approximate the weather conditions among the rooted cuttings in our experimental plot at the time of treatment. Wind speed was not a factor during virus application near ground level among the rooted cuttings. Precipitation was directly measured in the plot. During the three summers the cage Þeld trials were conducted, relative humidity at the time of virus application was between 30 and 60%, and air temperature ranged between 21 and 27ЊC. Precipitation only occurred once, in 2005, during the 3-yr study, as mentioned above.
Rooted Cuttings. Cuttings of P. cathayana were used as the host tree in this experiment. In total, 600 twigs (each Ϸ50 cm in length) were cut from Þve mature P. cathayana trees (propagated from a single, naturally growing tree) adjacent to the research area. Four twigs were planted into each of the 150 pits, arranged in Þve rows (1.5 m apart) of 30 pits each. The pits, each 25Ð30 cm in depth and spaced 2 m apart, were dug at the end of April 2003. The twigs were watered at planting, and once or twice a week thereafter, depending on weather conditions. Approximately 95% of the cuttings rooted and survived, resulting in some pits containing only three, rather than four rooted cuttings. On 24 June in 2004, rooted poplar cuttings that had grown to Ͼ60 cm were cut back to a height of Ϸ50 Ð 60 cm (to Þt into the preconstructed cages). Pruning was done in such a way as to ensure that the rooted cuttings in each pit retained Ϸ100 leaves.
Cages. Frames for each of the 72 cages (75 by 75 by 80 cm in height) were constructed from iron construction rods (0.8 cm in diameter) and covered with a nylon mesh (0.3 by 0.3 mm). Two ßaps sealed with Velcro "zippers" were attached to opposite sides of the cage so larval mortality could be checked. One cage was installed around each group of rooted poplar cuttings. The ground inside and outside the cages was cleared of vegetation. All the rooted poplar cuttings were thoroughly searched for naturally occurring insects, and such insects were removed before placing the cages and introducing the test insects. There were no naturally occurring gypsy moth larvae in our study plot or in the surrounding experimental research area.
Test Insects. Between 1,200 and 2,500 Asian gypsy moth-C egg masses were collected in March of each year of the experiment in the He-Ling Forest Farm in Inner Mongolia Autonomous Region, from gypsy mothÐinfested Prince RupprechtÕs larch, Larix principis-rupprechtii Mayr. This infestation had been in progress for 3 yr and was in its increasing phase in 2004, with the infestation reaching its peak in 2005 and starting to decline in fall 2006. Each year, the collected egg masses were stored at 4ЊC for Ϸ2Ð3 mo to satisfy diapause requirements.
Asian gypsy moth-C eggs were gently separated from the individual egg masses manually, and then they were pooled, and surface decontaminated in 0.05% sodium hypochlorite solution before being set up for rearing to minimize potential exposure of the test larvae to wild virus, as described in Duan et al. (2011) . The hatched larvae were transferred to clean (new)177-ml (6-oz) cups containing a modiÞed artiÞcial gypsy moth diet (Bell et al. 1981 , Odell et al. 1997 and reared (100 larvae in each of 150 cups) at Fresh stocks of all three virus isolates were passed through laboratory-reared larvae of the Russian population of gypsy moth (provided courtesy of Vic Mastro and John Tanner, Otis Methods Development Center, USDAÐAPHISÐPPQ) under quarantine conditions at PFC twice in vivo to maximize activity before shipping to China. The Russian population of gypsy moth (Asian gypsy moth-R) was used because importing Asian gypsy moth-C for virus propagation would have been problematic, even under quarantine conditions. To avoid complications with Customs that may have arisen from shipping puriÞed virus, the ampliÞed virus isolates were shipped by courier to the senior author as cadavers of Asian gypsy moth-R on frozen ice packs.
Virus Purification. The virus stocks and suspensions were prepared fresh each year. Approximately 30 Ð 40 d before the experiment, 10 g of insect cadavers (result of infection by one of the three virus isolates) was macerated separately by isolate and the occlusion bodies (OBs) were puriÞed according to the procedure described in Ebling et al. (2004) . After puriÞca-tion, the pellets were resuspended in distilled water and mixed thoroughly to produce the virus stock suspensions, and the OBs were quantiÞed using a hemocytometer (Wigley 1980) . The virus stock suspensions were stored at 4ЊC until 1 d before the treatment in the Þeld, at which time the three virus concentrations were prepared for each virus isolate.
Virus Concentrations. There were four treatments for each of the three geographic isolates of LdMNPV: distilled water for the control, and three virus concentration treatments (low, medium, and high) for each of the three isolates (Table 1 ). The doses selected for testing in 2004 as a dose calibration for subsequent Þeld tests were based on results obtained in laboratory bioassays using the same three isolates against Asian gypsy moth-R (Ebling et al. 2004 ) and Asian gypsy moth-C (Duan et al. 2011) . Although not ideal, it is acceptable to test only three virus concentrations plus control (Robertson and Preisler 1992) . There were six replicates of the four treatments (three doses plus one a Differences in mortality between years for each dose were compared using independent samples t-tests with ␣ ϭ 0.05. b LdMNPV-D, active ingredient in Gypchek and Disparvirus, the commercial product registered for gypsy moth control in the United States and Canada, respectively, LdMNPV-H, virus isolated Chinese isolate of Asian gypsy moth north of Harbin, Heilongjiang Province, PeopleÕs Republic of China. LdMNPV-J, virus isolated from Asian gypsy moth in Ibaraki Prefecture, Japan.
c Application of LdMNPV-D in 2005 was followed by a heavy rainstorm (10 mm in 20 min).
control) for each of the three virus isolates tested, for a total of 72 cages for the Þeld test in each year. The experiment was arranged in a randomized block design. Rooted cuttings growing in rows 1, 3, and 5 were used for treatments, and cuttings in rows 2 and 4 were used as a spray "buffer." Treatments were assigned randomly to each cluster of caged rooted cuttings. Virus Application. A separate and new 600-ml handheld pump sprayer (model SX-735, Zhe Jiang Shi Xian Sprayer Limited Company, Tai Zhou, Zhe Jiang, China) with a hollow-cone nozzle was used to apply each of the three geographic isolates. All the controls (distilled water) were applied Þrst, followed by the three concentrations of each of the three virus isolates, in the following order: LdMNPV-D, LdMNPV-H, and LdMNPV-J. Treatment with each virus isolate started with lowest concentration, and ended with the highest concentration. The control and concentrations of the three virus isolates were applied in the same order all 3 yr. Both the controls and virus suspensions were applied until the leaves were dripping (Ϸ25Ð35 ml per rooted cutting). The same person applied the treatments each year to minimize variation in application and spray droplet size. To prevent spray drift to adjacent groups of rooted cuttings, newspaper-covered cardboard was held around three sides of the rooted cutting during treatment, and the newspaper was changed between treatments. Once the spray had dried on the leaves, the cages were repositioned over the rooted cuttings. All three geographic isolates of LdMNPV were applied to the leaves of randomly selected rooted cuttings on a single day in 2004 (25 June).
In 2004, a pilot, or dose "range-Þnding," test was conducted to determine the three virus concentrations that would be used in the Þeld experiment in 2005. Thirty newly molted second-instar gypsy moth larvae were placed directly onto the leaves of the rooted poplar cuttings inside each cage after the spray droplets had dried on the leaves. The concentration of OBs used for the Þeld experiment in 2004 showed that the moderate and high concentrations of LdMNPV-D (9.26 ϫ 10 5 and 9.26 ϫ 10 6 OBs per ml) and LdMNPV-H (5.90 ϫ 10 5 and 5.90 ϫ 10 6 OBs per ml) applied to the foliage caused 100% larval mortality. Therefore, the lowest concentration applied in 2004 became the highest concentration for both of these isolates (LdMNPV-D and (Table 1) . Concentrations used for all three doses of LdMNPV-J remained the same for all 3 yr of the study. The rearings were terminated on day 19 postinoculation because there was 100% mortality in several cages.
In 2005, an unforecasted heavy rainstorm that deposited 10 mm of rain in 20 min (and a total of 15 mm in 24 h) occurred just after the application of the LdMNPV-D isolate on 6 June. Applications of the remaining two isolates (LdMNPV-H and LdMNPV-J) were postponed until the next day (7 June), when the leaves were dry. On each of the 2 d, 20 newly molted second-instar gypsy moth larvae were placed directly onto the leaves of the rooted poplar cuttings inside each cage after the spray droplets had dried on the leaves. The larvae were reared until pupation began at day 35 after inoculation.
As a result of this rainstorm, it was anticipated that larval mortality caused by LdMNPV-D would be reduced. Rather than present incomplete data for 2005, we decided to repeat the entire experiment (applying all three virus isolates with their respective concentrations and controls) in 2006. This would allow us to compare larval mortality caused by the two virus isolates applied after the rainstorm in 2005 with the mortality caused by the same virus isolates and concentrations in 2006 and to determine the effect of the unforecasted rainstorm on larval mortality for LdMNPV-D.
In 2006, to avoid problems caused by the unexpected rainstorm the previous year, a 1-m 2 transparent plastic sheet was placed on the top of each of the cages for 5 d, starting immediately after the application of the virus doses, including the controls, and was tied down using nylon rope. To facilitate checking larval mortality and accounting for all the larvae on the rooted cuttings, nylon mesh sleeves (25 by 30 cm; mesh size, 0.3 by 0.3 mm) with a nylon zipper, were placed around each of three of the treated rooted cuttings in each of the cages. When tied to the branch, the mesh sleeve measured Ϸ25 cm in length and 9.5 cm in diameter. Ten newly molted Ͻ24-h-old secondinstar Asian gypsy moth-C larvae, starved for 24 h, were released into each of the three sleeves in each cage (for a total of 30 larvae per steel frame cage). In all 3 yr, larvae in each of the cages were checked every 1Ð3 d, and the dead larvae removed. The larvae were reared until pupation began at day 29 after inoculation.
During each year of the experiment, after the start of pupation, the cages were left in place until all the adults had emerged, mated, and the females had laid their eggs and died. The effects of virus doses on egg laying will be presented in a subsequent paper on the sublethal effects of these virus treatments on Asian gypsy moth-C. All larvae that died in the controls and before day 5, and 10% of all the larval cadavers from each virus isolate, dose and replicate were randomly selected and examined for the presence of OBs by using a compound microscope (model CX21FS1, Olympus, Tokyo, Japan) at 1,000ϫ magniÞcation under oil immersion to estimate percentage of viral infection.
At the conclusion of the Þeld trials in 2004 and 2005, the rooted cuttings were cut back to a height of 10 Ð15 cm above the ground in the following spring before bud swelling to remove the branches with cocoons and egg masses. All leaf litter and other detritus (including dead Asian gypsy moth-C adults) were removed and discarded to eliminate any potential sources of inocula the following year. In addition, all the soil within the experimental plot (not just under-neath the rooted cuttings) was turned over to bury in the ground any residual virus that may have been on the soil surface from virus-killed larvae. These measures were taken to reduce or eliminate residual active virus on the soil surface or on the stems of the rooted cuttings that could potentially affect the Þeld trials the following year. Consequently, only newly grown stems with leaves were used in the experiments in 2005 and 2006. Cages were washed and decontaminated using 1% bleach solution after the Þeld trials in 2004 and 2005, and they were dried in the sun (so UV rays could deactivate virus particles that may have remained on the cages after decontamination) before storing. The same rooted cuttings were treated with the same virus concentrations in each year of the study.
Statistical Analysis. Comparisons of percentage of mortality were made by analyzing both untransformed and arcsine square-rootÐtransformed data. A KruskalÐWallis test was used to determine whether the mortality data in the controls could be pooled before comparing mortalities of larvae in the controls between years (Chen 2005) . Independent sample ttests, with ␣ ϭ 0.05, were used to compare mortalities caused by the same isolates and concentrations in 2005 and 2006. LeveneÕs test was used to compare equality of variances for each virus concentration between years to determine whether unweighted or weighted variances had to be used in the t-test (Chen 2005) .
For calculating the mean lethal concentration causing 50% and 95% larval mortality (LC 50 and LC 95 ) for each virus isolate, Probit analysis (LeOra Software 1994) was used initially to determine whether the mortality data of the individual replicates of each virus isolate could be pooled before further analysis. Because no signiÞcant differences in mortality were detected among replicates for each of the three virus isolates, the replicates were pooled for each isolate to estimate the LC 50 and LC 95 values for each LdMNPV isolate by using POLO-PC (LeOra Software 1994). The resulting LC 50 and LC 95 values of the three isolates were compared for signiÞcant differences, i.e., no overlap of the 95% conÞdence limits (CL). The time required for the virus to cause 50% larval mortality (ST 50 ) was determined using ViStat (Hughes and Wood 1990) . 2 ϭ 1.677, df ϭ 2, P ϭ 0.432); therefore, the control mortalities were pooled by year for the between year comparison. The variances of the pooled mortality data in the controls were considered statistically unequal (F ϭ 36.696; df ϭ 1, 32; P Ͻ 0.001), so weighted variances were used. Mortality in the controls (0 versus 2%) were signiÞcantly different (t ϭ 2.604, df ϭ 17, P ϭ 0.019) between the 2 yr (Table 1) .
Results

Comparison of Mortalities of Second-Instar Asian
Apart from the controls, each of the concentrations for each of the isolates had equal variances when the 2005 and 2006 data were compared. Independent samples t-tests using both the transformed and untransformed data gave similar results; consequently, the results of the analyses using the untransformed data are reported here. The application of LdMNPV-D was followed by a heavy rainstorm in 2005, and larval mortality was signiÞcantly lower for all three doses of this strain (60 Ð75% of that obtained in 2006): low (t ϭ 2.434, df ϭ 10, P ϭ 0.035), medium (t ϭ 2.405, df ϭ 8, P ϭ 0.043), and high (t ϭ 6.367, df ϭ 8, P Ͻ 0.001) ( Larval mortality increased with increasing virus dose, except for the isolate that was affected by the rainstorm in 2005 (Table 1) . LdMNPV-H was the most pathogenic of the three isolates we tested against larvae of the Asian gypsy moth-C in the Þeld, having the lowest LC 50 and LC 95 values (6.5 and 742 OBs per l, respectively). LdMNPV-H was slightly more pathogenic than LdMNPV-D at the LC 50 level (requiring fewer OBs), but not at the LC 95 level (where there was overlap of the 95% CL) ( Table 2) .
The LC 50 (14.7 OBs per l) and LC 95 (11,542 OBs per l) of LdMNPV-J were not signiÞcantly different from the respective corresponding values of the other two isolates (the 95% CL overlapped). LdMNPV-D had a LC 50 (31.5 OBs per l) and LC 95 (4,093 OBs per l), whereas LdMNPV-J had the highest LC 95 value and the widest 95% CL of the three isolates. We consider LdMNPV-D to be biologically more pathogenic than LdMNPV-J because of its lower LC 95 value (4,093 OBs per l) and much narrower 95% CL, even if the LC 50 and LC 95 values for the two isolates were statistically not signiÞcantly different.
Time Response. ST 50 was only calculated for the Þeld applications of the three virus isolates against Asian gypsy moth-C larvae on the 2006 data (Table 2) , because these results were complete for all three virus isolates and also were the most accurate, due to the use of sleeve cages. There were no signiÞcant differences in the time response among the three replicates within each virus isolate; therefore, data sets for each virus isolate were pooled for analysis with ViStat. The timeÐ response data for the larval mortality caused by LdMNPV-D Þts the model, because the observed 2 values are signiÞcantly lower than predicted values ( 2 ϭ 9.7, df ϭ 7, P ϭ 0.2062). However, this was not the case for either LdMNPV-H ( 2 ϭ 28.1, df ϭ 8, P ϭ 0.0004) or LdMNPV-J ( 2 ϭ 60.6, df ϭ 9, P Ͻ 0.0001), where the observed values were signiÞcantly higher than the predicted values ( Table 2) .
The time-response data (ST 50 values) indicate that LdMNPV-J had a signiÞcantly faster time response (ST 50 ϭ 11.1 d) than the other two isolates tested (95% CL did not overlap with those of the other two isolates). However, the dose causing this faster "kill" response was much higher for LdMNPV-J than for the other two isolates (Table 2) . LdMNPV-H also was signiÞcantly more virulent (ST 50 ϭ 13.5 d) than LdMNPV-D (ST 50 ϭ 14.7d) ( Table 2) . (Table  1) . There were no signiÞcant differences in pathogenicity of the same doses of LdMNPV-H and LdMNPV-J isolates tested against Asian gypsy moth-C in 2005 and 2006, with one exception. We have no explanation why the highest dose of LdMNPV-J caused signiÞcantly higher mortality in 2005 compared with 2006 when the dose was identical (Table 1) .
Discussion
Larval mortalities caused by all three doses of LdMNPV-D in 2005 were compared with those caused by the same three doses in 2006 (Table 1) . The low larval mortality caused by LdMNPV-D in 2005 was caused by the heavy rainfall that occurred immediately after the application of the treatments, which washed off most of the viral spray. This "unplanned experiment" in the Þeld showed that heavy precipitation immediately after the virus application, before the applied virus has a chance to dry onto the leaves, would wash off much of the virus, requiring reapplication. DÕAmico and Elkinton (1995) , using both artiÞcial and natural rainfall, reported that precipitation washed viral OBs from leaves in the upper crown of the tree to the lower crown in "full" sized trees (height of the trees were not given), and this "shifted" the location where of gypsy moth larval mortality occurred. Our rooted cuttings, being only Ϸ60 cm in height, were probably too short to allow similar observations of shifting mortality reported by DÕAmico and Elkinton (1995) .
Dose Response. The results of our Þeld test in 2006 suggest some interesting trends. LdMNPV-H had a signiÞcantly lower LC 50 value than LdMNPV-D but was not signiÞcantly more pathogenic than LdMNPV-J. There were no statistical differences of LC 95 values among LdMNPV-H, LdMNPV-D, and LdMNPV-J. Overall, LdMNPV-H seemed to be the most pathogenic isolate of the three geographic isolates of LdMNPV we tested in the Þeld against secondinstar larvae of the local Asian gypsy moth-C in Inner Mongolia, indicated by having the lowest LC 50 value (6.5 OBs per l) and LC 95 value (742 OBs per l). It also had the narrowest 95% CL of the three virus stains tested (Table 2) . These Þndings are similar to those in Ebling et al. 2004 , who reported that LdMNPV-H was the most pathogenic isolate tested against Asian gypsy moth-R. This suggests that LdMNPV-H is more pathogenic against both Asian gypsy moth-C and Asian gypsy moth-R than the other two isolates (Duan et al. 2011) . However, this signiÞcantly higher pathogenicity in the laboratory bioassay against Asian gypsy moth-C may be more apparent than real, because it was based on a difference of only seven OBs. Based on the Þeld trial, LdMNPV-H would be superior for controlling the Asian gypsy moth-C. However, in our opinion, the difference in pathogenicity between the unregistered LdMNPV-H and the currently registered isolate in Disparvirus and Gypchek (LdMNPV-D) would not justify the added expense that would be required to register LdMNPV-H. Additional testing may be prudent to conÞrm or contradict our opinion.
Results of the laboratory experiment with another insect from the same family, Douglas-Þr tussock moth, Orgyia pseudotsugata (McDunnough), showed that the LC 50 value of larvae challenged using diet surface contamination was 1.4 Ð2.0 times higher than the LD 50 value of larvae challenged using diet plugs (unpublished data). Based on the results of these bioassays, we expected that the LC values from the Þeld trial presented here would be higher than the lethal dose (LD) values in our laboratory bioassay (Duan et al. In both laboratory and Þeld experiments, LdMNPV-H was the most pathogenic of the three virus isolates tested against Asian gypsy moth-C. In laboratory bioassays, LdMNPV-D and LdMNPV-H had similar pathogenicities against Asian gypsy moth-C (Duan et al. 2011) , but in the Þeld, LdMNPV-H was Ϸ5 times more pathogenic than LdMNPV-D. In the laboratory bioassay, LdMNPV-J was the least pathogenic isolate we tested against Asian gypsy moth-C, but in the Þeld trial it had an LC 50 value that was approximately the average of the other two isolates; the LC 95 value (the highest of the three isolates tested) was almost identical to the LD 95 in the laboratory bioassay.
Time Response. All three virus isolates took longer to cause mortality in the Þeld compared with the laboratory bioassays. In the Þeld, the ST 50 value for LdMNPV-D and LdMNPV-H increased by Ϸ5 d, and for LdMNPV-J the ST 50 value increased by Ϸ2.5 d. Two points need to be emphasized. First, the LD values are based on larvae consuming equivalent doses during a regulated period in the laboratory and that virus replication is proceeding under identical and constant rearing conditions, whereas in the Þeld (LC values) neither the time during which the dose was ingested nor the "rearing conditions" that affected the progression of viral infection and replication could be controlled. Second, the doses fed to the larvae at each of the concentrations (low, medium, and high) varied among the isolates (Table  1) . Thus, although in the Þeld LdMNPV-J had the highest virulence, i.e., a signiÞcantly lower ST 50 (11.1 d) than the other two isolates, this occurred at a much higher dose than for the other two virus isolates. Of the remaining two isolates, LdMNPV-H was more virulent than LdMNPV-D, but the difference in virulence was only barely signiÞcant (a 0.1-d separation in the 95% CL), and biologically this is not meaningful. Differences in the ST 50 values were expected, because larvae in the laboratory bioassay were reared at constant temperature of 25ЊC with a constant supply of food, but the larvae in the Þeld experiment were subjected to ßuctuating temperatures and the virus may not have been uniformly distributed over the leaf surface. Virus replication is slower at lower temperatures, but the cumulative virus mortality at lower temperatures is similar to that achieved at optimal temperature (Boucias et al. 1980) . During this Þeld trial, the ambient temperature ranged from 13 to 32ЊC and probably slowed the rate of virus replication compared with what it was at a constant temperature of 25ЊC during the laboratory bioassay. It is also interesting to note that LdMNPV-J, the least pathogenic of the three isolates tested, was the most virulent (it had the lowest ST 50 value), and not LdMNPV-H, the most pathogenic isolate both in the laboratory bioassay and Þeld trial. Larval mortality by LdMNPV-H and LdMNPV-D started later among the Asian gypsy moth-C larvae on the rooted cuttings but ended up being higher. It seems that LdMNPV-J is faster acting, but the dose required to achieve this shorter ST 50 value is Ϸ6 times and 4 times higher than for LdMNPV-H and LdMNPV-D, respectively (Tables  1 and 2) .
The low pathogenicity exhibited by LdMNPV-J against European gypsy moth and Asian gypsy moth-R (Ebling et al. 2004 ) and Asian gypsy moth-C (Duan et al. 2011 ) may be related to the subspecies of gypsy moth from which the virus was originally isolated, the virus naturally having low pathogenicity toward gypsy moths, or both. According to Pogue and Schaefer (2007) , neither European gypsy moth nor Asian gypsy moth were reported to occur in Japan; and of the species of gypsy moth in the subgenus Porthetria reported in Japan, only L. d. japonica is recorded from the Ibaraki Prefecture where the virus-infected larvae were collected, according to the information provided. Repeated efforts by I.S.O. to verify the host from which LdMNPV-J was isolated, and supplied as a gift, were unsuccessful. It would be interesting to test the same three geographic variants of LdMNPV used in this study against L. d. japonica to see whether LdMNPV-J exhibits greater virulence against the Japanese subspecies of gypsy moth, or one of the other species of lymantriids that occur in Japan. Due to the volume of international trade from that country, Japan is one of the potential sources of gypsy moth introduction from Asia into North America, and collaborative work is desirable.
The lower LC 50 values (increased pathogenicity) of the three virus isolates might be explained, we believe, by three factors, either singly or in combination. First, the virus was applied to the foliage until the leaves were dripping. Because the virus was applied to leaves (a comparatively large surface area), rather than diet (a smaller surface area), the larvae were probably exposed to higher levels of virus (inoculum) in the Þeld trial (feeding on contaminated leaves) than they were during the laboratory bioassay (feeding on a 4.4 Ϯ 0.1 mg of inoculated diet plugs with a known amount of virus). Second, larvae feeding on foliage that was sprayed until dripping would have more time and opportunity to ingest a lethal quantity of the virus than the 24Ð48 h that larvae were given to consume the inoculated diet in the laboratory bioassay. The mesh sleeves used in the cages also may have given the virus on the leaves some partial protection from deactivation by UV light, providing a longer window of opportunity for the larvae to ingest a lethal dose of the virus. Even during diet surface contamination experiments, second-instar larvae were never able to consume more than one quarter of the contaminated diet before it desiccated or became moldy, and it was necessary to change the diet in the rearing containers at least once a week (unpublished data). Third, insect virus activity can be affected by allelochemicals produced by the host plant (Cook et al. 2003) .
Effects of Host Plant Chemicals on Virus Activity. The susceptibility of gypsy moth to LdNPV is affected by differences in host plant chemistry. Tannins and phenolic glycocides, two classes of allelochemicals known to increase defoliator susceptibility to virus infection, are found in many Populus spp. Concentrations of these substances varies both among species and with the age of the foliage. Gypsy moth larvae consuming virus-treated foliage of aspen (Populus spp.) were more susceptible to infection and had a higher mortality rate than did larvae consuming virustreated oak (Quercus spp.) foliage Yendol 1987, Keating et al. 1988) .
Increasing levels of tannin in aging oak leaves have been shown to enhance the rate of LdNPV infection in gypsy moth (Barbosa and Krischik 1987 , Keating et al. 1989 , Schultz 1989 , Hunter and Schultz 1993 . The efÞcacy of gypsy moth virus and other baculoviruses also was enhanced signiÞcantly when larvae consumed foliage high in phenolic glycoside (Keating et al. 1988 (Keating et al. , 1989 Hunter and Schultz 1993) . If P. cathayana leaves contain high the levels of tannins and phenolic glycosides, as indicated by analysis of the phloem (Wang et al. 1987) , this may have contributed to lowering the LC 50 values in our Þeld experiment compared with the LD 50 values in laboratory bioassays (Duan et al. 2011) .
Although LdMNPV-H seems to be the most effective isolate tested against Asian gypsy moth-C, this virus isolate is not registered for use in North America, nor is it available commercially. There are several biological control agents already registered for use against gypsy moth in North America, including LdMNPV-D, the baculovirus present in both Gypchek (United States) and Disparvirus (Canada) , and Btk. To date, Btk has been successfully used in gypsy moth eradication programs in western North America (Hajek and Tobin 2009 ). The product is commercially available and is effective against low-density populations of gypsy moth over small-to mid-sized areas. Because Btk and LdMNPV-D are available, viable and effective control agents, there is probably no need to attempt to register LdMNPV-H as a bioinsecticide at this time. If virus application is preferred in some areas, LdMNPV, in the form of Gypchek or Disparvirus are suitable choices in North America. However, it might be worth repeating the bioassay experiment against the L. d. japonica, the gypsy moth with the widest distribution in Japan, and the other lymantriids found in Japan, in cooperation with researchers there, to determine which virus isolate will provide the best control against the Japanese population of gypsy moth, should they be accidentally introduced into North America.
